The patient group consisted of 22 cases in whom the diagnosis of Friedreich's ataxia had been made according to clinical and genetic criteria. There were 13 males and nine females, aged from nine to 57 years with a mean age of 33-5 years. A group of normal volunteers was used for comparison, consisting of 10 subjects (three male, seven female) with a mean age of 26 9 years and range 21-32 years.
The underlying biochemical cause of sensory dysfunction in Friedreich's ataxia is unknown, although the combination of peripheral neuropathy with degenerative changes of the posterior columns is compatible with a disorder primarily affecting the dorsal root ganglia. Evidence from electrophysiological and pathological studies of the peripheral nerve is consistent with an axonal form of neuropathy,1-6 although secondary segmental demyelination has been observed in some fibres of the sural nerve at biopsy .7 In contrast to the multiplicity of peripheral nerve conduction studies there have been relatively few electrophysiological investigations of the central nervous system in this disorder, no doubt because a sufficiently powerful non-invasive technique for recording small potentials generated in the spinal cord and subcortical cerebral structures has not been available until recently. [8] [9] [10] It has been reported, however, that somatosensory evoked potentials (SEPs) generated in the cerebral cortex and recorded by scalp electrodes are typically delayed and of dispersed waveform, [11] [12] [13] and it has recently been observed that delayed cortical SEPs may be recorded in conjunction with cervical potentials of nearnormal latency.14-15 The present study was undertaken in order to investigate this phenomenon more fully. It was also hoped to establish whether the pattern of SEP abnormality is sufficiently characteristic for the technique to be used as an aid to early diagnosis.
Material
The patient group consisted of 22 cases in whom the diagnosis of Friedreich's ataxia had been made according to clinical and genetic criteria. There were 13 males and nine females, aged from nine to 57 years with a mean age of 33-5 years. A group of normal volunteers was used for comparison, consisting of 10 subjects (three male, seven female) with a mean age of 26 9 years and range 21-32 years.
In all patients except one the onset had been before the age of 20 and in all cases the mode of inheritance was compatible with an autosomal recessive transmission. All the patients had cerebellar ataxia, dysarthria, absent reflexes and "posterior column" type sensory loss in the lower limbs. The disorder had been progressive, without remission, for at least two years prior to the time at which the patients were examined and SEPs recorded. Extensor plantar reflexes, pes cavus and scoliosis were present in more than 70 % of patients, and nystagmus and cadomyopathy (ECG evidence) occurred in more than 60%.
Methods
The subjects were seated comfortably in an armchair, although in patients with scoliosis it was often not possible to achieve complete relaxation. electrodes located over the clavicles, cervical vertebrae at C7 and C2, mastoid processes and contralateral somatosensory cortex. The scalp location for the latter was 7 cm lateral to the midline on a line joining a point 2 cm posterior to the vertex with the external auditory meatus. A mid-frontal "reference" electrode (located 12 cm above the nasion) was used for all "active" sites except the mastoid processes, for which the somatosensory area contralateral to the stimulus was used as "reference."
The amplifier high-frequency response was better than -3 dB at 5 kHz and the time constant was 1 s. Groups of 400 responses were summed on eight channels simultaneously with an averager epoch of 32 ms (eight sample points/ms) starting 3 ms after the stimulus pulse. If no cortical response could be identified within this period an epoch of 128 ms (2 sample points/ms) was also employed. Summated responses were stored on digital magnetic tape and further combined off-line to obtain sums consisting of up to 1600 individual responses for each patient.
Results
The potentials examined were the early negativegoing waves (N9, N13, N14) recorded from the S J Jones, M Baraitser, and A M Halliday clavicle of the stimulated arm, C7 vertebra (also C2) and mastoid processes respectively, the components being labelled according to their mean peak latencies in normal subjects,9 plus the first negative potential (N20) recorded from the scalp overlying the somatosensory cortex contralateral to the stimulated arm (Fig 1) . N9, N13 and N20 are well recorded with a mid-frontal reference, aided (with the possible exception of N20) by the presence of positive-going potentials of similar latency at the reference location.9 N14 is frequently better defined by use of an "active" electrode on the mastoid process (see Fig 1) , with the "reference" location on the post-central scalp contralateral to the stimulated arm.8 The Nll component9 was not examined since identification may be difficult in some normal subjects and even more so in a large proportion of Friedreich's patients, due to the greater frequency of muscular artifacts. N9, N13 and N14 were absent in at least 50 % of Friedreich's cases but, when present, were measured for their baseline-topeak amplitude and peak latency, excepting N14 for which the amplitude parameter was considered of doubtful validity owing to overlap with N13. The amplitude, onset and peak latency of N20 (absent in less than 10% of cases) were also measured. SJ Classification of SEP components in 22 patients with Friedreich's ataxia. A given potential was judged to be reduced when the mean amplitude following stimulation of the left and right arm fell below the absolute range of the normal group (lower limit approximately 1-1 tiV for each component), or when the potential was present for one arm but absent for the other. A potential was classified as being of prolonged latency when the mean latency from the left and right wrist exceeded the normal mean by more than 2-5 standard deviations (see table 1 ), or when the interval separating it from the preceding peak similarly exceeded the normal range. Means and standard deviations of SEP component amplitude, latency and inter-peak separation in 20 patients with Friedreich's ataxia median nerve stimulation at the wrist. Two patients from the full series of 22 had all potentials absent. The proportion of patients (N/22) in whom a component was identifiable is indicated in each column. The proportion of female patients (41 % in the full series) was slightly greater in the smaller groups with subcortical potentials preserved (up to 67%). Also given are the levels of significance for the differences between patients and normals assessed by the Mann-Whitney U-test. Where a given potential was obtained by stimulation on either side, the mean value for left and right arm amplitude and latency was incorporated into the overall group mean. *The mean latency of N9 was distorted by one value of 23-4 ms, the remainder having a mean of 9 1 and standard deviation 1 0 ms. arm but absent for the other (five cases for N9, two for N13, one for N20). The proportion of patients in whom each potential was bilaterally absent (or unilaterally absent when only one arm was studied with the appropriate epoch) ranged from 9% for N20 through 50% for N13, 55% for N9 to 64% for N14. Where identifiable, however, each component was below the normal limit of amplitude in at least another 27 % of the total group (N13 27 %, N9 36%, N20 41 %). The peak of N20 was delayed compared with the normal group in all patients except two for whom it could not be identified, whereas the earlier potentials were less often delayed (N9 10 %, N13 45 %, N14 75 %). N9, therefore, showed the lowest incidence of delay, in only one case out of ten in whom it could be identified, but the highest incidence of absence or amplitude attenuation, being within normal amplitude limits in only two cases.
Two examples of patient recordings with subcortical potentials present are shown in fig 2, the montage being identical to that used for the normal record on the left of fig 1. In the bottom traces N9 is present with normal latency (9 and 10 ms approximately) but very small amplitude (outside the normal range for DW). N13 (maximal in channel 4) is slightly broadened in the left hand recording (DW) but within normal latency limits in each. In both S J Jones, M Baraitser, and A M Halliday cases, however, the amplitude of N13 is abnormally low. N14 is present but delayed for DW (sharp peak in channel 2) and absent for PB. N20 (channel 1) shows a characteristic prolongation from onset to peak (less well marked for PB), with the peak delayed by more than 10 msec compared with the normal group. The delayed peak of N20 is frequently better seen with a 128 ms epoch (for example fig 3, upper trace). In fig 3 (IN) the subcortical potentials are absent and the precise onset of N20 is not discernible. Fig 3 also illustrates the abnormal waveform of later cortically-generated potentials, although this simple biphasic configuration was not universal (see, for example, fig 4) .
Inter-group comparisons of SEP amplitude, latency and inter-peak separation (including latency values for N20 onset and peak) were made using the Mann-Whitney U-test (table 2) . In view of the high incidence of absent potentials it is not surprising that among cases in which each component was present there was a significant (p < 0 02) reduction of amplitude for all three potentials studied (N9, N14, N20). Latencies were significantly increased at the p < 0 01 confidence level for N14 and for the onset and peak of N20, and at the p < 005 level for N13, but there was no significant group delay of N9 in spite of one patient for whom the latency was grossly prolonged to about 23 ms. (see fig 4) . In two patients the initial negative potential (analogous to N20) following elbow stimulation was not identifiable with precision, but in the remaining eight patients and six controls it was possible to derive a value for sensory conduction time between the wrist and the elbow from the change in N20 peak latency (table 4) . Normal and patient groups were compared using the MannWhitney U-test and there was found to be no significant difference. The mean value for the patient group was slightly larger-possibly an artifact of greater variance but perhaps partially attributable to the greater proportion of males in the patient group. It was estimated from the mean difference in N9 latency between three male and seven female controls (0 9 ms) that the different sex ratio of the patient group might account for 0 1 to 0-2 ms of the 0 4 ms difference in mean wrist-elbow conduction time between normal and patient groups. The greater variance of the patient group was probably attributable to greater difficulty measuring the latency of the dispersed N20 peak. In cases where N20 and later components of the cortical waveform were well defined there was no evidence of a reduction in duration (reduced temporal dispersion) when the stimulus was delivered to the elbow rather than the wrist (see fig 4) . The 3. Frequent absence of the N14 potential (recorded between mastoid and scalp electrodes) which, when identifiable, was more markedly delayed than N13.
4. Gross temporal dispersion and prolonged peak latency of the scalp-recorded N20 potential, which was shown to be mediated by afferent fibres with normal conduction velocity in the forearm. Later components of the cortical SEP waveform were dispersed to a similar degree when the delayed, with a broadened waveform suggestive of increased temporal dispersion."-'5 In the earliest account" it was not shown whether this was due to a peripheral or a central pathology. In the recordings of Desmedt and Noel,'3 however, it was shown that the delayed onset of the SEP could not entirely be accounted for by slowed conduction in the peripheral nerve, although the sensory conduction velocity between stimulation sites at the tips of the fingers and the axilla (derived from the difference in N20 onset latency) was somewhat reduced, at 31-5 m/s. Assuming this velocity to be maintained as far as the spinal cord, it can be deduced that an additional delay of up to 10 ms must have occurred in the central somatosensory pathway to account for the onset of N20 at approximately 38 ms following stimulation of the fingers. The patient was one in whom no SAPs could be recorded, and the SEPs therefore provided the sole evidence of delayed peripheral and central sensory nerve conduction. In a later investigation Noel and Desmedt'3 studied the breakdown of N20 into two or more peaks (similar, although not identical, to the onset-peak prolongation noted in the present study) and concluded that the effect, although pronounced, was not related to the peripheral neuropathy and might therefore result from degeneration of the posterior columns.
Two recent accounts describing cortical SEPs recorded in conjunction with subcortical potentials fromthe cervical region'4-15 also suggest a divergence between central and peripheral sensory conduction defects, first intimated by Noel and Desmedt.'3
The peripheral conduction time estimated from cervical SEP latency following median nerve stimulation at the wrist was within normal limits or only slightly increased in both studies (although the cervical SEP was frequently of reduced amplitude or absent), but the cortical responses were markedly delayed. These findings have been statistically confirmed by the present study, in which the cortical SEP waveform was found to be markedly delayed and dispersed even in those patients with subcortical SEPs present, the cervical N13 potential was only marginally delayed in the group as a whole, and the peripheral N9 component was delayed in only one patient out of ten. Moreover, in contrast to the findings of Desmedt and Nodl,12 the N20 peak was found to be mediated by peripheral nerve fibres with normal conduction velocity between stimulation sites at the wrist and the el'5ow.
The N9 potential has been shown to originate in the brachial plexus distal to the dorsal root ganglia, the evidence being its distribution and properties in normal subjects9 and its preservation (with later potentials absent) in patients with traction lesions of the brachial plexus, where the lesion was subsequently shown by surgical exploration to be proximal to the dorsal root ganglia at C6 and/or C7. '6 N13 is optimilly recorded from the cervical region between the second and seventh vertebrae and, by analogy with a similar negative-going potential recorded from the lower thoracic and lumbar region following stimulation of the lower limb,7 18 is thought to reflect pre-synaptic and post-synaptic potentials arising in the dorsal horn. '9 21 It is possible, however, that the positive potential at similar latency to N13 and recorded by the mid-frontal "reference" electrode may be due to activity in the brainstem.2 N14, which is almost synchronous with another positive potential (P15) slightly lateralised over the scalp contralateral to the stimulated arm, is thought to arise in the lemniscal pathways of the brainstem.9 22 23 There is still some disagreement concerning the origin of N20 but this component is likely to reflect the arrival of the afferent volley in the primarysomatosensorycortex. 24Ithas beenshown2527 that in patients with dissociated sensory loss due to spinal cord lesions the cortical SEP waveform is abnormal in association with impairment of proprioceptive sensation, but is unaffected when sensory loss in the appropriate limb is confined to the modalities of temperature and pain. This supports the hypothesis, likely on anatomical grounds, that the afferent volley which gives rise to the cortical SEP is conducted in the posterior columns of the spinal cord.
In Friedreich's ataxia, therefore, the major locus of the pathology causing loss of SEP amplitude would appear to be the peripheral nerve (since N9 showed the most marked amplitude reduction) while the delay and dispersion of N20 seems to be a central effect due to degeneration of the posterior columns or higher structures. If the main central involvement of the somatosensory pathway is confined to the posterior columns one might expect N14 to be dispersed and delayed along with N20, but the former is not easily identified when dispersed, and was indeed judged to be absent in a much larger proportion of cases. Although it may be significant that the latency separation between N14 and N20 onset was not statistically enhanced in the patient group, the data do not permit a more precise localisation of the pathology causing delayed central conduction, nor indeed do they provide real evidence to corroborate the proposed generators of N13 and N14.
It is now generally accepted that the neuropathy in Friedreich's ataxia is primarily a form of axonal degeneration.7 28 In this context there are a number of causative factors which might be invoked to account for the delay and dispersion of N20.
( Whatever the underlying mechanism it appears that the pattern of SEP abnormality in Friedreich's ataxia is sufficiently characteristic (even in the youngest patients studied, aged nine and 13 years) to distinguish this condition from; a) peripheral neuropathy (axonal or demyelinating) without CNS involvement, b) degenerative diseases of the CNS without peripheral sensory nerve involvement, and (c) multiple sclerosis. The characteristic SEP features in Friedreich's ataxia are; (1) loss of amplitude of peripheral (N9) and cervical (N13) potentials, without evidence of markedly delayed peripheral nerve condition, (2) dispersed and delayed cortical potentials with a prolongation of N20 inset-to-peak separation, (3) a normal shift in the latency of N20 without evidence of any increase of temporal dispersion, when the stimulus is delivered to the wrist rather than the elbow. 
